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BACKGROUND 

The  industrial  manufacture  of  portland  cement  Involves  pulverizing 
raw  materials  containing  lime,  silica,  alumina,  and  iron  oxide,  [1,2] 
(properly  proportioned)  to  obtain  the  desired  chemical  composition.  The 
ingredients  are  then  heated  at  2,600F  (1,427C)  to  3,000F  (1,649C)  to 
form  Portland  cement  clinker,  which  is  later  pulverized  to  form  Portland 
cement.  The  products  formed  are  trlcalclum  silicates  (C3S),  dicalclum 
silicates  <’€28),  trlcalclum  alumlnate  (C3A) , and  tetracalcium  alumino- 
ferrite  (C4AF) . The  setting  of  C3S  and  C2S  is  fairly  slow,  but  setting 
of  C3A  if  very  rapid.  Not  much  C3A  is  found  in  modern  portland  cements, 
but  the  finer  nature  of  these  cements  makes  flash  setting  of  C3A  more 
probable.  It  was  found,  however,  that  addition  of  small  amounts  of 
gypsum  prevents  flash  setting  of  C3A.  For  this  reason,  very  carefully 
controlled  amounts  (±0.10%)  of  gypsum  are  added  to  the  cement  during 
the  final  pulverizing  step.  The  gypsum  (CaS04  • 2H2O)  combines  with 
the  C3A  to  f^rm  a needle-like  insoluble  compound  called  calcium  sulfoal- 
uminate  (C6AS3  • 32H2O) . This  product,  called  ettringlte  because  it 
resembles  the  natural  mineral  ettringite,  occupies  a fairly  large  volume; 
too  much  of  it  could  result  in  damaging  expansions  after  the  cement  has 
hardened.  Under  normal  conditions  the  small  amount  of  ettringite 
formed  by  the  addition  of  a slight  amount  of  gypsum  to  prevent  flash 
setting  does  not  result  in  damaging  expansions.  However,  the  recogni- 
tion of  the  potential  expansions  resulting  from  formation  of  ettringite 
led  to  development  of  expansive  cements  as  we  now  know  them. 

This  technical  note  is  the  final  report  on  a research  study  at 
the  Civil  Engineering  Laboratory  (CEL)  directed  toward  use  of  expansive 
cement  concretes  in  thin-shell  and  conventional  construction  at  Navy 
shore  bases. 


INTRODUCTION 

The  development  of  expansive  cements  has  been  documented  by  several 
authors  [3,4,5]  and  by  Technical  Committee  223  of  the  American  Concrete 
Institute  (ACI).[6,7]  The  following  remarks  regarding  this  development 
were  taken  from  these  references. 

The  motivating  stimulus  behind  development  of  expansive  cements 
was  twofold:  (1)  elimination  of  shrinkage  cracking  and  (2)  inducement 
of  relatively  high  levels  of  precompression  in  the  concrete,  much  as  is 
done  by  mechanical  prestressing.  The  twofold  objective  resulted  in 
development  of  (1)  a shrinkage-compensating  expansive  cement  and  (2) 
a self-stressing  expansive  cement.  The  principal  difference  between  the 
two  classes  of  expansive  cements  is  the  amount  of  expansive  component 
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provided  for  reaction  with  portland  cement  ingredients  to  form  ettringlte, 
the  expansion  producer. 

Purposeful  research  and  development  on  the  use  of  ettringlte  to 
produce  expansions  intended  to  overcome  the  effects  of  shrinkage  and 
to  self-stress  concrete  began  in  France  in  the  mld-1930's.  An  expansive 
cement  for  repairs  and  for  waterproofing  as  well  as  for  self-stressing 
was  developed  in  Russia.  Studies  by  Klein,  et  al,  at  the  University  of 
California  (Berkeley)  led  to  the  development  of  commercial  expansive 
cements. [3,4] 

ACI  Committee  223  lists  the  following  definitions  pertinent  to 
expansive  cements  and  concretes : [6 , 7 ] 

1.  Expansive  cement  - A cement  which  when  mixed  with  water  forms  a 
paste  that,  after  setting,  tends  to  increase  in  volume  to  a significantly 
greater  degree  than  portland  cement  paste;  used  to  compensate  for  volume 
decrease  due  to  shrinkage  or  to  induce  tensile  stress  in  reinforcement 
(post-tensioning) . 

2.  Expansive  cement  Type  K - A mljcture  of  portland  cement,  anhydrous 
tetracalcium  trialumlnate  sulfate  (C4A3S) , calcium  sulfate  (CaS04)  and 
lime  (CaO) . The  C4A3S  is  a constituent  of  a separately  burned  clinker 
that  is  interground  with  portland  cement;  or,  alternately,  it  may  be 
formed  simultaneously  with  the  portland  cement  clinker  compounds  during 
the  burning  process. 

3.  Expansive  cement  Type  M - Interground  or  blended  mixtures  of 
Portland  cement,  calcium  aluminate  cement,  and  calcium  sulfate  suitably 
proportioned . 

4.  Expansive  cement  Type  S - A type  of  portland  cement  containing 
a large  computed  C3A  content  and  interground  with  an  amount  of  calcium 
sulfate  above  the  usual  amount  found  in  portland  cement. 

5.  Expansive  cement  concrete  - a concrete  made  with  Type  K,  Type  M, 
or  Type  S expansive  cement. 

6.  Shrinkage-compensating  concrete  - An  expansive  cement  concrete 
which  when  properly  restrained  by  reinforcement  or  other  means  will 
expand  an  amount  equal  to  or  slightly  greater  than  the  anticipated 
drying  shrinkage.  Because  of  the  restraint,  compressive  stresses  will 

be  induced  in  the  concrete  during  expansion.  Subsequent  drying  shrinkage 
will  reduce  these  stresses;  but,  ideally,  a residual  compression  will 
remain  in  the  concrete,  thereby  eliminating  shrinkage  cracking. 

7.  Self-stressing  concrete  - An  expansive  cement  concrete  in  which 
expansion,  if  restrained.  Induces  compressive  stresses  of  a high  enough 
magnitude  to  result  in  significant  compression  in  the  concrete  after 
drying  shrinkage  has  occurred.  The  level  of  precompression  in  self-  2 
stressing  concrete  is  in  the  range  of  300  to  1,000  psi  (21  to  70.3  kg/cm  ). 

8.  Ettringlte  - The  phase  formed  during  the  hydration  of  expansive 
cements;  it  is  the  source  of  the  expansive  force.  It  is  comparable  to 
the  natural  mineral  of  the  same  name. 
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FACTORS  AFFECTING  EXPANSION  OF  CEMENTS 


Purposeful  expansion  is  one  of  the  features  distinguishing  expansive 
cements  from  Portland  cements.  As  shown  by  other  researchers,  the  amount 
of  achievable  expansion  for  a given  cement  is  dependent  upon  the  factors 
listed  below. 

Chemical  Composition  and  Fineness 

Rate  of  expansion  is  proportional  to  the  amount  of  readily  hydratable 
alum^nates  so  long  as  CaS04  is  available . [6 ] The  aluminates  may  be 
C4A3S  (Type  K) , calcium  alumlnate  cement  (Type  M) , or  C3A  (Type  S) . As 
the  fineness  of  an  expansive  cement  Increases,  the  amount  of  expansion 
decreases.  The  Increase  in  fineness  accelerates  the  formation  of 
ettringite.  If  the  bulk  of  expansion  takes  place  before  the  concrete 
has  achieved  sufficient  strength,  it  will  be  wasted;  on  the  other  hand, 
if  the  bulk  of  the  expansion  occurs  after  the  concrete  has  reached  a 
relatively  high  strength  level,  internal  damage  may  result  from  the 
expansions.  A Blaine  fineness  of  about  2800  seems  optimum. [8] 

Amount  of  Expansive  Material 

Generally  speaking,  the  more  expansive  material  present,  the 
more  will  be  the  expansion.  The  essential  expansion  ingredients  can 
be  proportioned  into  all  types  of  expansive  cements  to  cover  the  entire 
range  of  expansions.  The  commercially  available  Type  K shrinkage- 
compensating  cements  are  proportioned  to  produce  relatively  low  ex- 
pansions. The  Type  K cements  contain  f^rom  10%  to  15%  expansive  components 
having  from  25%  to  50%  calculated  C4A3S  (calcium  sulfoaluminate) . 
Laboratory  studies  on  Type  K self-stressing  cements  have  utilized 
contents  of  expansive  component  from  10%  to  50%.  Expansion  of  self- 
stressing  cements  is  related  to  amount  of  expansive  component  but  not 
proportionately.  Pollvka  and  Bertero  [9]  have  recommended  that  the 
influence  of  amount  of  expansive  component  in  self-stressing  cements 
be  evaluated  in  the  specific  type  of  concrete  to  be  used. 

Water/Cement  Ratio  (W/C) 

Generally  speaking,  it  has  been  found  that  the  lower  the  W/C, 
the  higher  the  expansion;  however,  changes  in  W/C  also  affect  relative 
proportions  of  other  ingredients. [6]  For  instance,  concretes  with  the 
same  cement  content  can  be  made  with  a range  of  values  of  W/C.  In  this 
case,  all  the  concretes  would  have  the  same  potential  for  expansion 
(cement  content);  but  the  more  pervious,  higher  slump  concretes 
(higher  W/C)  will  take  up  curing  water  more  readily  and  therefore  will 
expand  somewhat  more  (see  below  on  effects  of  curing  on  expansion). 


Curing 


The  requirements  for  proper  curing  of  expansive  cement  concretes 
are  more  stringent  than  for  portland  cement  concrete.  [6,7]  The  for- 
mation of  the  strength-producing  calcium  silicate  hydrates  (C3S  and  C2S) 
and  the  expansion-producing  ettringite  are  affected  differently  by  curing 
temperature  and  by  availability  of  water.  Inadequate  curing  can  sub- 
stantially reduce  the  level  of  expansion.  All  expansive  cement 
concretes  expand  significantly  more  when  cured  under  water  or  in  a 
moist  room  than  they  do  when  cured  in  an  environment  in  which  water 
is  not  available  to  the  concrete.  Curing  under  a polyethylene  sheet 
greatly  reduces  expansions  when  compared  to  water  curing.  Steam-cured 
expansive  concretes  expand  only  about  80%  as  much  as  when  water-cured. 
Lightweight  concretes,  in  which  the  highly  absorptive  lightweight 
aggregates  give  off  water  and  thus  provide  a form  of  internal  curing, 
have  been  shown  to  have  higher  expansion  characteristics  than  concrete 
made  with  normal  weight  aggregates,  especially  in  larger  sections  where 
a moisture  gradient  is  usually  established. [10]  The  presence  of  internal 
water  also  reduces  the  potentially  damaging  effects  of  differential 
expansions  in  the  larger  sections.  Results  of  tests  to  determine  the 
effects  of  curing  temperature  on  expansion  are  conflicting.  More 
research  is  needed. 

Size  and  Shape  of  Member 

Other  things  being  equal,  expansion  decreases  as  the  size  of  the 
member  increases.  In  addition,  the  exterior  can  expand  at  a different 
rate  from  the  interior  of  large  molst-cured  members  and  when  these 
differences  are  significant,  mechanical  properties  are  adversely 
affected.  [6]  As  stated  above,  internal  curing  achieved  by  using  light- 
weight aggregate  tends  to  alleviate  these  differentials.  The  influence 
of  shape  of  member  has  not  yet  been  determined. 

Restraint 

Successful  utilization  of  any  of  the  expansive  cement  concretes 
depends  upon  the  amount  and  type  of  resistance  to  the  expansion  of  the 
concrete.  An  expansive  cement  concrete  in  which  no  resistance  is 
provided  to  the  expansion  shows  greatly  reduced  mechanical  properties. 

In  the  language  of  the  expansive  cement  industry  the  resistance  to 
expansion  is  called  "restraint."  Restraint  can  be  either  external, 
as  in  the  case  of  rigid  framework,  or  internal  in  the  form  of  rein- 
forcing steel  or  mesh. [5,6,7,11]  Some  degree  of  restraint  can  also 
be  provided  by  such  forces  as  subgrade  friction  and  by  abutting  struc- 
tures. In  the  case  of  reinforcing  steel  or  mesh,  the  developing  bond 
strength  provides  the  necessary  restraint  to  expansion.  Resistance 
to  the  expansion  places  the  steel  in  tension;  this,  in  turn,  places 
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the  concrete  in  compression,  much  as  in  prestressed  concrete.  Most  tests 
have  been  made  on  specimens  using  uniaxial  (longitudinal)  restraint. 

Generally  speaking,  it  has  been  found  that  the  more  the  restraint 
(percent  of  reinforcement)  the  less  the  measured  expansion  and  the  more 
the  induced  compression  in  the  concrete.  However,  since  the  expansion 
potential  for  a given  concrete  is  the  same  regardless  of  degree  of  re- 
straint, an  increase  in  longitudinal  restraint  (uniaxial)  might  cause 
lateral  expansions  large  enough  to  adversely  affect  the  mechanical 
properties . [11]  For  this  reason,  there  is  an  optimum  amount  of 
uniaxial  restraint  for  a given  expansive  cement  concrete  that  will 
produce  adequate  prestress  forces,  minimum  lateral  expansions,  and  best 
mechanical  properties.  Most  field  Installations  of  shrinkage-compensating 
concretes  have  utilized  successfully  the  amount,  kind,  and  position  of 
reinforcement  required  for  the  given  structure.  Some  tests  made  with 
biaxial  restraint  have  shown  improvements  in  uniformity  of  expansion  and 
in  mechanical  properties.  Due  to  their  higher  level  of  expansion, 
self-stressing  concretes  may  require  trlaxial  restraint,  although 
successful  tests  have  been  made  with  biaxial  restraint. 

Mixing  Time 

Increasing  mixing  time  decreases  the  expansion  of  a given  expansive 
cement  concrete. [6]  Mixing  accelerates  formation  of  ettrlngite  and  thus 
depletes  its  availability  for  later  expansion.  Continued  mixing  also 
Increases  the  water  required  to  obtain  a given  slump. [7] 

Use  of  Admixtures 

Air-entraining  admixtures  which  comply  with  ASTM  C260  may  be  used 
for  the  same  purpose  with  shrinkage-compensating  concretes  as  with  other 
types  of  Portland  cement  concrete. [7]  Some  ASTM  C494  Types  A,  B,  and 
D water-reducing,  retarding,  and  water-reducing/retarding  admixtures  are 
not  compatible  with  certain  shrinkage-compensating  cements.  It  is  recom- 
mended that  such  admixtures  be  tested  before  acceptance,  using  the  parti- 
cular cement  and  other  materials  selected  for  the  job.  [7]  Calcium 
chloride  (accelerator)  is  generally  not  recommended  for  use  in  expansive 
cement  concrete  because  it  reduces  expansion  and  increases  subsequent 
drying  shrinkage. 

Type  and  Size  of  Aggregate  j 

Both  rate  and  amount  of  expansion  are  affected  by  type  of  j 

aggregate. [6,10]  Of  three  types  tested  (crushed  granite,  river  gravel, 
and  expanded  shale) , the  expanded  shale  concrete  expanded  the  most  and 
the  river  gravel  the  least.  Data  on  the  effects  of  aggregate  size  are 

limited.  For  a given  workability,  yield,  and  W/C,  an  increase  in  i 

aggregate  size  is  accompanied  by  a decrease  in  cement  content.  This 
change  in  cement  content  may  cause  a greater  change  in  expansion  than 
would  the  change  in  aggregate  size. 


Age  of  Expansive  Cement 


The  length  of  storage  of  expansive  cement  after  manufacture  tends 
to  reduce  slightly  the  restrained  expansion.  The  best  practice  is  to  keep 
the  cement  in  sealed  drums,  away  from  exposure  to  air. [6] 

PROPERTIES  OF  SHRINKAGE-COMPENSATING  EXPANSIVE  CEMENT  CONCRETES 

The  following  statements  regarding  properties  of  expansive  cement 
concretes  are  based  on  previous  research  data  obtained  by  other  research- 
ers together  with  observations  made  during  and  after  field  installations 
of  full-size  structures. [5,6,7,12,13] 

1.  Workability. [6]  The  workability  of  concretes  made  with  Type  K, 

Type  S,  and  Type  M shrinkage-compensating  cements  is  the  same  as  for 
Portland  cement  concrete  of  equal  slump.  Type  K cement  seems  to  require 
slightly  more  water  for  the  same  slump,  but  the  additional  water  probably 
combines  with  the  expansive  component  and  thus  does  not  appear  to 
adversely  affect  the  other  properties  (W/C,  strength,  etc.). 

2.  Bleeding. [6]  All  three  expansive  cements  have  shown  a 
consistent  decrease  in  bleeding  compared  with  similar  portland  cement 
concretes.  In  some  cases  there  has  been  no  bleeding  at  all  with 
expansive  cement  concretes. 

3.  Setting  time. [6]  Setting  times  of  all  three  shrinkage-compensating 
cements  are  comparable  to  Type  I portland  cement. 

4.  Unit  weight  and  yield.  [6]  Shrinkage-compensating  concretes 
have  about  the  same  unit  weight  and  yield  as  does  portland  cement 
concrete  (other  things  being  equal) . 

5.  Strengths . [6 , 7 . 12 ] Shrinkage-compensating  concretes  develop 
compressive,  tensile,  and  flexural  strengths  equivalent  in  rate  and 
magnitude  to  concretes  made  with  Type  I and  Type  II  portland  cements. 

6.  Modulus  of  elasticity  (E).[6,7]  Moduli  of  elasticity  - static 
and  dynamic  - of  shrinkage-compensating  concretes  are  comparable  to 
those  in  portland  cement  concretes. 

7.  Shrinkage  and  creep. [6,7]  Shrinkage  and  creep  of  shrinkage- 
compensating  concrete  is  about  the  same  as  in  portland  cement  concrete. 

8.  Bond  Strength. [6]  Very  few  comparative  bond  strength  tests 
have  been  made.  Those  tests  which  have  been  made  showed  that  bond 
strengths  of  concrete  made  with  Type  K shrinkage-compensating  cement 
were  equal  to  or  greater  than  those  in  the  companion  portland  cement 
concrete . 

9.  Coefficient  of  thermal  expansion. [6]  The  few  tests  which 
have  been  made  show  a coefficient  similar  to  portland  cement  concrete. 
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10.  Resistance  to  freezing  and  thawing. [13]  Shrinkage-compensating 
concretes  can  be  made  resistant  to  damage  from  freezing  and  thawing  with 
proper  air  entrainment  and  with  relatively  high  cement  content. 

11.  Resistance  to  de-icer  scaling. [12,13]  Shrinkage-compensating 
concretes  showed  resistance  to  de-icer  scaling  equal  to  or  greater  than 
comparable  portland  cement  concrete. 

12.  Resistance  to  sulfate  attack. [6,12]  Very  few  tests  have  been 
conducted.  Results  are  contradictory,  with  some  showing  favorable 
resistance  of  shrinkage-compensating  concretes  to  sulfate  attack  and 
some  unfavorable. 

13.  Abrasion  resistance. [6]  Shrinkage-compensating  concrete  made 
with  Type  K cement  was  found  to  have  abrasion  resistance  superior  to 
that  of  Portland  cement  concrete. 

RESEARCH  PROGRAM 

The  research  program  at  CEL  was  designed  to  determine  the  efficacy 
of  using  expansive  cement  concretes  for  Naval  construction  of  thin- 
shell  structures.  Listed  below  are  the  major  factors  which  were 
investigated : 

1.  Amounts  of  expansion  to  be  expected  with  different  cement 
contents 

2.  Effects  of  different  amounts  of  restraint  on  expansion 

3.  Expansion  of  test  specimens  of  different  sizes 

4.  Shrinkage  effects  in  different  drying  environments 

5.  Effects  of  a- r-entrainment  on  expansion 

6.  Effects  of  type  and  weight  of  aggregate  on  expansion 

A detailed  listing  of  the  research  program  involving  the  expansive 
cement  concrete  prisms  is  presented  in  Table  1. 

Test  Specimens 

y 

To  simulate  concrete  thin  shells,  prismatic  specimens  5 in.  (12.7 
cm)  wide  and  12  in.  (30.5  cm)  long  were  made  in  thicknesses  of  1,  2, 
and  4 in.  (2.5,  5.1,  and  10.2  cm).  Figure  1 shows  one  of  each  of  these 
prism  sizes.  The  edges  of  the  prisms  were  sealed  to  water  vapor,  so  that 
subsequent  drying  of  the  concrete  occurred  only  from  the  5-  by  12-in. 

(12.7  by  30.5  cm)  opposite  faces.  This  was  done  to  simulate  a con- 
tinuous thln-shell  structure  in  which  drying  would  be  from  the  upper  and 
lower  surfaces.  The  first  prisms  were  reinforced  with  galvanized  welded 
wire  fabric  of  the  following  spacing  and  wire  sizes:  2 by  2 in.  (5.1  by 
5.1  cm)  No.  14  and  No.  12  and  1 by  1 in.  (2.5  by  2.5  cm).  No.  14  and 
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No.  12.  Examples  of  placement  of  the  fabric  with  respect  to  the  forms 
Is  shown  in  Figures  2a,  b,  and  c.  To  obtain  lower  steel  percentages  for 
the  1-ln. -thick  (2.5  cm)  prisms,  some  of  them  were  made  In  widths  of  10 
In.  In  these  prisms,  welded  wire  fabric  4 by  4 In.  (10.2  by  10.2  cm) 

No.  14  was  used.  Several  different  percentages  of  reinforcement  were 
obtainable,  as  indicated  In  Table  2.  Computation  of  reinforcement 
percentage  was  based  on  the  total  cross-sectional  area  of  the  horizontal 
wires  viewed  from  either  end.  The  vertical  wires  completing  the  fabric 
were  not  considered  in  computing  the  steel-percentage.  In  this  report, 
reinforcement  is  designated  by  a lower  case  p followed  by  a percentage, 
e.g. , p = 0.15%. 

Also  visible  in  Figure  2 are  the  screws  which  served  as  reference 
points  for  measurement  of  length  changes  with  a mechanical  strain  gage. 
The  reference  screws  were  5 in.  (12.17  cm)  apart. 

Aggregate 

Concretes  used  in  this  study  were  made  with:  (1)  a moderate 
quality  river  sand  and  gravel,  (2)  a moderate  quality  crushed  limestone 
(coarse  and  fine),  and  (3)  an  expanded  shale  lightweight  aggregate 
(coarse  and  fine).  All  aggregates  were  dried  prior  to  use  but  were  not 
screened  into  separate  sizes. 

Expansive  Cement  Concrete  Mixes 

The  expansive  cement  used  was  the  shrinkage-compensating  Type  K 
sold  commercially  as  "ChemComp  Cement."  Mixes  were  made  over  a wide 
range  of  cement  contents  (590  to  1,034  Ib/yd^  - 350  to  613  kg/m^)  and 
water/cement  ratios  (0.376  to  0.596  by  weight),  both  with  and  without 
entrained  air.  For  comparsion,  a few  mixes  were  made  with  Portland  Type 
II  cements.  In  this  report  the  concrete  mixes  are  designated  by  the 
number  of  equivalent  bags  per  cubic  yard  followed  by  the  type  of  cement 
used,  e.g.,  7.5  SCA  means  7.5  bags/yd^,  shrinkage-compensating  cement, 
air  entrained.  The  vast  majority  of  the  mixes  of  shrinkage-compensating 
concrete  were  made  with  7.5  bags  (705  lb)  of  cement  per  cubic  yard 
because,  at  the  time,  this  mix  was  typical  of  those  being  used  in  the 
Los  Angeles  area  for  structural  purposes  (other  than  slabs-on-grade) . 

The  different  types  of  shrinkage-compensating  (SC)  cement  concretes 
used  in  this  study  are  listed  below. 

1.  7.5  SC  - normal  weight  river  aggregate,  non-air-entrained 

2.  7.5  SCA  - normal  weight  river  aggregate,  air-entrained 

3.  7.5  SC-L  - normal  weight  crushed  limestone  aggregate,  non-air- 
entrained 

4.  7.5  SCA-L  - normal  weight  crushed  limestone  aggregate,  air- 
entrained 

5.  7.5  SCA-SLW  - lightweight  coarse  aggregate  and  river  sand,  air- 
entrained  (sand-lightweight) 
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6.  7.5  SCA-LW  - lightweight  coarse  and  lightweight  fine  aggregate, 
air-entrained  (all-lightweight) 

7.  SC  mixes  - normal  weight  river  aggregate,  non-air-entrained 
6.3  SC,  7.5  SC,  8.25  SC,  9.1  SC,  10.25  SC,  and  11.0  SC 

Concrete  Mixing  Procedure 

To  simulate  the  average  mixing  and  hauling  time  of  truck  mixers, 
the  following  mixing  procedure  was  adopted: 

. 1.  Mix  aggregate,  cement,  and  3/4  of  water  for  3 min 

2.  Stop  the  mixer  for  5 min  (total  time  8 min) 

3.  Mix  for  2 min  (total  time  10  min) 

4.  Stop  the  mixer  for  5 min  (total  time  15  min)  ! 

5.  Mix  for  2 min  (total  time  17  min)  ^ 

6.  Stop  the  mixer  for  5 minutes  (total  time  22  min)  i 

7.  Mix  for  2 min  (total  time  24  min) 

8.  Stop  the  mixer  for  5 min  (total  time  29  min) 

9.  Add  the  remaining  mixing  water 

10.  Mix  for  2 min  (total  time  31  min) 

11.  Measure  the  slump,  seeking  4 in.  (10.2  cm),  adjust  if  necessary 
and  measure  air  content. 

12.  Cast  the  specimens,  consolidating  by  vibration. 

Curing  and  Storage  of  Test  Specimens 

The  specimens  were  cured  in  100%  R.H.  (fog)  for  14  days  prior 
to  being  placed  in  one  of  three  controlled  temperature  and  humidity 
environments  (25%  R.H.,  50%  R.H.,  or  75%  R.H.,  all  at  73F) . The  curing 
period  of  14  days  was  found  to  be  typical  for  job-curing  in  the  Los 
Angeles  area. 

Length  Change  Measurements 

All  length  change  measurements  on  the  test  specimens  began  about  ' 

6 hours  after  casting,  immediately  after  removal  from  the  molds.  The 
specimens  were  then  placed  in  100%  R.H. , and  measurements  of  expansion 
during  the  curing  period  were  made  daily  for  7 days  and  then  at  14  Jays, 
at  which  time  the  specimens  were  transferred  to  one  of  the  controlled 
t rooms.  Drying  shrinkage  in  the  controlled  rooms  was  measured  daily  for 

1 wk,  weekly  for  3 mo,  then  monthly  for  at  least  1 yr.  Expansion 
strains  and  subsequent  shrinkage  strains  were  obtained  by  dividing  the 
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length  change  by  the  gage  length  of  5 in.  (12.7  cm);  strains  are  reported 
as  microstrain  (u  in. /in.)  or  as  strain  in  percent,  where  1%  strain  is 
equivalent  to  10,000  microstrain. 

Theoretical  Consideration 

As  unreinforced  and  unstressed  concrete  dries,  it  shrinks  (com- 
presses), and  no  damage  results  from  the  shrinkage.  However,  if  the 
shrinkage  is  resisted  or  restrained  by  reinforcement,  tensile  stresses 
of  sufficient  magnitude  to  cause  the  concrete  to  crack  can  be  induced. 
These  cracks,  refered  to  as  shrinkage  cracks,  are  not  only  unsightly 
but  often  allow  Ingress  of  water  and  other  particles,  which  can  cause 
more  severe  damage.  When  the  concrete  portion  of  reinforced  concrete 
is  placed  in  compression  prior  to  drying,  the  tensile  stresses  result- 
ing from  shrinkage  must  first  overcome  the  compressive  stresses  already 
present  before  the  concrete  itself  can  crack  due  to  tensile  stress. 

Shrinkage-compensating  concrete  expands  during  the  curing  period, 
and  if  this  expansion  is  properly  restrained  (resisted),  the  steel 
reinforcing  is  stretched,  placing  the  concrete  to  which  it  is  bonded 
in  compression.  An  ideal  expansion-shrinkage  curve  is  shown  in  Figure 
3.  The  expansion  during  the  curing  period  (origin  to  point  A)  is 
resisted  by  reinforcing,  and  the  concrete  is  being  compressed.  As  the 
concrete  enters  the  drying  period  A to  B (i.e.,  is  placed  in  service), 
the  concrete  begins  to  shrink.  This  shrinkage  is  actually,  in  terms  of 
strain,  tensile  in  direction,  but  this  tension  must  first  overcome  the 
"built-in"  compression  before  the  concrete  undergoes  a tensile  stress; 
i.e.,  the  strain  curve  as  shown  in  Figure  3 from  A to  B must  drop 
below  the  "zero"  line  to  enter  the  tensile  stress  zone  where  the  concrete 
might  crack.  For  the  conditions  shown  in  Figure  3,  the  concrete,  after 
shrinkage,  is  still  in  compression;  therefore  the  concrete  will  not 
crack  due  to  shrinkage  stresses.  The  problem  in  designing  a structure 
of  shrinkage-compensating  concrete,  then,  is  that  of  providing  the 
required  restrained  expansion  to  overcome  the  shrinkage  the  structure 
is  expected  to  undergo.  The  amount  of  shrinkage  to  be  expected  in  a given 
structure  is  principally  dependent  upon  the  localized  environment  and 
the  thickness  of  the  structure.  Obtaining  the  required  restrained  expan- 
sion is  dependent  upon  the  interplay  between  shrinkage-compensating 
cement  content,  the  percentage  of  reinforcing  steel,  and  the  thickness 
of  the  member.  It  should  be  emphasized  that  the  concrete  begins  to 
"shrink"  immediately  after  removal  from  fog  curing,  but  the  important 
aspect  is  whether  or  not-and  to  what  extent-the  shrinkage  drops  below 
the  zero  strain  line  into  the  zone  of  negative  strain. 
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TEST  RESULTS 


Expansion  Strains  During  the  Curing  Period 

Expansion  strains  after  14  days  of  fog  curing  are  shown  in  Tables  3, 

4,  and  5 for  various  mixes  containing  7.5  bags  of  cement  per  cubic  yard 
and  for  steel  percentages  of  0%,  0.15%  and  0.30%.  The  only  results  in 
Tables  3,  4,  and  5 which  might  have  been  considered  predictable  are  the 
higher  expansions  found  in  the  lightweight  mixes  (lines  5 and  6).  If 
other  things  are  equal,  the  longer  the  curing  period  (i.e.,  the  longer 
the  cement  is  exposed  to  liquid  water),  the  higher  is  the  expansion.  It 
has  been  shown  that  some  of  the  water  absorbed  by  the  highly  porous 
lightweight  aggregate  during  mixing  later  returns  to  the  concrete 
matrix  as  the  concrete  dries,  thus  furnishing  more  water  for  continued 
hydration  of  cement. [14]  The  effects  of  air-entrainment  upon  expansion 
vary,  in  some  cases  showing  lower  expansion  and  in  some  cases  higher 
expansion  than  non-air-entrained  concrete.  Expansion  strains  for  p = 0% 
should  represent  the  "expansion  potential"  of  a given  mix  and  prism 
thickness . 

Table  4 shows  expansion  strains  for  prisms  1 and  2 in.  thick  made 
with  concretes  containing  various  amounts  of  shrinkage-compensating 
cement.  Since  it  is  the  cement  that,  in  the  end,  provides  the  expansion, 
it  then  follows  that  the  more  the  cement,  the  higher  the  expansion. 

This  is  corroborated  in  Table  4.  The  effects  of  cement  content  on 
expansion  of  prisms  1 inch  thick  are  Illustrated  in  Figure  4 for  three 
steel  percentages.  Note  that  the  left  ordinate  is  shown  in  microstrain 
and  the  right  ordinate  in  percent  strain.  As  cement  content  increases 
from  6.3  bags/yd^,  the  rate  of  increase  in  expansion  is  rather  high  up 
to  cement  contents  between  7.5  and  8 bags/yd then  there  is  a decreasing 
rate  of  increase  up  to  11.0  bags/yd^. 

Table  5 shows  expansions  of  prisms  with  various  steel  percentages. 

As  expected,  expansion  decreased  as  the  resistance  to  the  expansion  in- 
creased. Figure  5 illustrates  the  effects  of  steel  reinforcement  on 
expansion  of  prisms  1 in.  thick.  With  curves  such  as  those  shown  in 
Figure  5,  expansions  at  any  amount  of  reinforcement  between  0%  and 
0.78%  is  easily  obtained.  As  indicated  in  Table  2,  some  of  the  welded 
wire  fabric  was  1 by  1 in  (2.5  by  2.5  cm),  some  2 by  2 in.  (5.1  by  5.1  cm), 
and  some  4 by  4 in.  (10.2  by  10.2  cm).  Curves  shown  in  Figure  5 reveal 
that  this  difference  in  spacing  of  wires  does  not  affect  the  smoothness 
of  the  relationship  between  percent  reinforcement  and  expansion. 

A convenient  means  for  determing  the  effects  of  specimen  size  upon 
certain  properties  of  concrete  is  on  the  basis  of  the  ratio  of  the  ex- 
posed surface  area  to  volume  (S/V) . [15,16]  Exposed  drying  surfaces  of 
the  prisms  were  the  5 by  12-in.  (10.2  by  30.5  cm)  or  10  by  12-inch 
(25.4  by  30.5  cm)  faces,  the  edge  surfaces  being  sealed.  Only  the 
thickness  affects  the  S/V,  since  widths  and  lengths  cancel  out.  Figure 
6 illustrates  the  relationship  between  14-day  expansion  of  7.5  SC  prisms 
and  S/V  for  steel  percentages  from  0%  to  0.78%.  Expansions  for  inter- 
mediate thicknesses  can  be  interpolated  from  the  curves.  As  shown  in 


Figure  6,  14-day  expansions  decrease  substantially  as  the  specimen  size 
increases.  S/V  values  for  thicknesses  of  6 and  12  in.,  beyond  the  scope 
of  this  study,  are  also  shown  on  Figure  6 along  the  lower  right  side. 
However,  expansion  for  these  thicknesses  can  be  determined  by  extension 
of  the  curves  to  the  origin  of  the  graph  as  indicated  by  the  dashed  lines. 
An  S/V  value  of  zero  would  mean  no  specimen  at  all,  and  therefore  the 
expansion  would  also  be  zero.  S/V  for  a thickness  of  3 ft  is  0.67,  and 
6 ft  is  0.33. 

Expansion-Shrinkage  of  7.5  SC  Prisms 

Residual  strains  of  1-ln. -thick  (2.5  cm)  prisms  after  365  days 
are  presented  as  a function  of  steel  percentage  in  Figure  7 and  are 
also  included  in  Table  6,  along  with  corresponding  values  for  2-  and  4-ln.- 
thick  (5.1  and  10.2  cm)  prisms.  Strain-time  relationships  are  shown  in 
Figures  8 a,  b,  and  c for  prisms  1 in.  (2.5  cm)  thick  in  25X  R.H. , 

50%  R.H. , and  75%  R.H.,  respectively.  Curves  shown  in  Figure  8a  for 
various  steel  percentages  reveal  that  in  25%  R.H.  none  of  them  approaches 
the  ideal  curve  of  Figure  3.  Shrinkage  rate  of  prisms  1 in.  (2.5  cm) 
thick  is  extermely  high  in  such  a low  humidity.  The  curve  for  0%  steel 
is  Included  for  general  interest;  as  indicated  previously,  expansive 
cements  are  not  recommended  unless  the  concrete  has  some  reinforcement, 
however  slight.  Data  in  Figure  8b  for  prisms  1 in.  (2.5  cm)  thick  in 
50%  R.H.  reveal  that  the  curve  for  p = 0.15%  approaches  the  ideal  in 
that  it  falls  only  slightly  below  the  zero  strain  line  after  1 year. 

In  Figure  8c,  data  for  75%  R.H.,  the  curve  for  p = 0.15%  remains  above 
the  zero  strain  line,  and  the  curve  for  p = 0.30%  falls  only  slightly 
below  at  1 yr. 

Relationships  between  residual  strains  after  365  days  and  relative 
humidity  of  drying  environment  are  shown  in  Figure  9 for  various  steel 
percentages.  For  the  conditions  given  l.e.,  for  7.5  SC  concrete  1 in. 

(2.5  cm)  thick,  concrete  with  p = 0.15%  could  be  used  in  any  exposure 
from  100%  R.H.  down  to  about  56%  R.H.  and  remain  above  or  at  the  zero 
strain  line  after  365  days.  Likewise,  concrete  with  p = 0.30%  could 
be  used  in  any  exposure  from  100%  R.H.  to  about  78%  R.H. 

Data  interpolations  shown  in  previous  and  subsequent  tables  and 
figures  were  obtained  by  harmonizing  curvilinear  relationships  such  as 
those  shown  in  Figures  7 through  9. 

Residual  strains  of  2-in. -thick  (5.1  cm)  prisms  after  365  days 
are  presented  in  Figure  10  and  are  also  Included  in  Table  6.  Strain- 
time  relationships  are  shown  in  Figures  11a  and  b for  prisms  2 in. 

(5.1  cm)  thick  in  50%  R.H.  and  75%  R.H. , respectively.  Figure  11a 
reveals  that  the  curve  for  p = 0.15%  barely  goes  below  the  zero  line  at 
1 yr.  In  75%  R.H.,  Figure  lib,  the  curve  for  p = 0.15%  stays  well 
above  the  zero  strain  line,  and  the  curve  for  p = 0.30%  barely  drops 
below  the  zero  strain  line  at  1 yr. 

Relationships  between  residual  strain  after  365  days  and  relative 
humidity  are  shown  in  Figure  12.  Study  of  these  curves  reveals  that 
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7.5  SC  concrete  2 in.  (5.1  cm)  thick  could  be  used  with  p = 0.15%  from 
100%  R.H.  to  about  54%  R.H.  without  dropping  below  the  zero  strain/line. 
Similarly,  concrete  with  p = 0.30%  could  be  used  from  100%  R.H.  to  about 
76%  R.H. 

Residual  strains  of  4-in. -thick  (10.2  cm)  prisms  after  365  days  are 
presented  in  Figure  13  and  are  also  included  in  Table  6.  Time-strain 
relationships  are  shown  in  Figure  14a  and  b for  prisms  4-ln.  (10.2  cm) 
thick  in  50%  R.H.  and  75%  R.H.  respectively.  The  curve  for  p = 0.15%  in 
Figure  14a,  50%  R.H.,  remained  above  the  zero  strain  line  until  1 yr, 
at  which  time  its  residual  strain  value  was  zero.  Curves  for  both 
p “ 0.15%  and  p = 0.30%  remained  above  the  zero  strain  line  in  75%  R.H. 
(Figure  14b) . 

Relationships  between  residual  strain  and  relative  humidity  are 
shown  in  Figure  15.  These  curves  indicate  that  7.5  SC  concrete  4-in. 

(10.2  cm)  thick  could  be  used  with  p = 0.15%  from  100%  R.H.  to  about  50% 
R.H.  without  dropping  below  zero  residual  strain.  Similarly,  concrete 
with  p = 0.30%  could  be  used  from  100%  R.H.  to  about  73%  R.H.  without 
dropping  below  zero  residual  strain. 

Residual  strains  after  365  days  in  25%  R.H.,  50%  R.H.,  and  75%  R.H. 
are  shown  in  Figure  16a,  b,  and  c,  respectively,  as  a function  of  S/V. 

The  effects  of  member  thickness  is  readily  apparent  in  each  of  these 
figures.  Use  of  Figures  16a,  b,  and  c in  conjunction  with  others,  to 
establish  design  factors  for  given  job  conditions,  is  discussed  later 
in  this  report. 

Expansion-Shrinkage  of  7.5  SCA  Prisms 

The  7.5  SCA  concrete  mix  was  identical  to  that  of  the  7.5  SC  except 
for  the  air-entrainment  and  the  necessary  correction  for  mixing  water; 
cement  content  was  held  constant  at  7.5  bags  per  cubic  yard.  Prisms 
of  7.5  SCA  concrete  were  made  only  in  1-in.  (2.5  cm)  thickness.  Expansion 
strains  after  14  days  of  fog  curing  are  given  in  Table  3.  Expansion 
for  prisms  with  p = 0.15%  showed  about  9%  less  expansion  than  the  7.5  SC 
prisms,  but  those  prisms  with  p = 0.30%  showed  about  2%  more  expansion 
than  the  7.5  SC  prisms. 

Expansion-shrinkage  curves  for  1- in. -thick  (2.5  cm)  prisms  of 

7.5  SCA  concrete  in  75%  R.H.  are  shown  in  Figure  17,  along  with  cor- 
responding curves  for  7.5  SC  concrete  taken  from  Figure  8c.  Effectively, 
there  are  no  significant  differences  between  the  two  concretes,  meaning 
that  after  1 yr,  air  entrainment  has  little  or  no  effect  on  the  net 
expansion-shrinkage  performance. 

Expans ion- Shrinkage  of  7.5  SC-L  and  7.5  SCA-L 

Expansion  strains  of  1-ln. -thick  (2.5  cm)  prisms  of  7.5  SC-L  and 

7.5  SCA-L  concretes  after  14  days  of  fog  curing  are  listed  in  Table  3. 

As  found  with  the  7.5  SC  and  7.5  SCA  concretes,  there  are  no  significant 
differences.  Expansion-shrinkage  curves  for  p = 0.15%  and  p •=  0.30%  in 


50%  R.H.  are  shown  in  Figure  18a  for  7.5  SC-L  concretes.  The  curve  for 
p = 0.15%  dropped  slightly  below  the  zero  strain  line  after  1 yr. 
Expansion-shrinkage  curves  for  the  same  steel  percentages  in  75%  R.H. 
are  presented  in  Figure  18b.  Both  the  curves  remained  above  the  zero 
strain  line  through  the  365-day  period. 

Comparisons  of  residual  strains  of  7.5  SC-L  and  7.5  SCA-L  concretes 
are  shown  in  Table  7.  As  noted  before  for  the  7.5  SC  and  7.5  SCA  concretes, 
there  are  no  significant  differences,  so  air-entrainment  does  not  appear 
to  affect  the  performance  of  shrinkage-compensating  concretes. 

Comparisons  of  expansion-shrinkage  data  for  7.5  SC  and  7.5  SC-L 
(Tables  3 through  7)  show  that  expansion  of  7.5  SC  prisms  1-in. -thick 
(2.5  cm)  with  p = 0.15%  (845)  is  considerably  higher  than  similar  prisms 
of  7.5  SC-L  (705);  on  the  other  hand,  the  shrinkage  from  14  to  365  days 
for  the  7.5  SC  prisms  in  50%  R.H.  is  -880  [845  - (-35)]  and  for  7.5  SC-L 
prisms  is  -750  [705  - (-45)].  Corresponding  figures  for  shrinkage  in 
75%  R.H.  are  -680  and  -450.  With  these  relationships  for  1-in. -thick 
(2.5  cm)  prisms  and  the  logical  assumption  that  the  effects  of  prism 
thickness  and  steel  percentage  will  be  same  for  both  types  of  concrete 
(7.5  SC  and  7.5  SC-L),  data  for  design  purposes  can  be  obtained  for 
7.5  SC-L  concretes. 

Expansion-Shrinkage  of  7.5  SCA-SLW  Prisms 

Expansions  of  7.5  SCA-SLW  prisms  after  14  days  of  fog  curing  are 
listed  in  line  5 of  Table  3.  These  expansion  values  represent  significant 
increases  over  those  in  the  previously  reported  concretes  of  lines  1-4. 
Lightweight  concretes,  such  as  7.5  SCA-SLW,  expand  more  than  normal 
weight  concretes  for  at  least  two  reasons: 

(1)  The  lightweight  aggregate  (in  this  case,  coarse  expanded  shale) 
absorbs  much  more  mixing  water  than  does  the  normal  weight  aggregate. 

This  mixing  water  is  later  drawn  back  into  the  concrete  matrix  as  the 
cement  hydrates  and  the  interior  of  the  concrete  dries.  This  water 
increases  the  humidity  inside  the  concrete  and  provides  more  favorable 
conditions  for  expansion. [17 ] 

(2)  Lightweight  concrete  gains  in  strength  at  a slower  rate  than 
normal  weight  concrete,  due  to  the  basically  weaker  aggregate;  this 
weaker  strength  means  less  resistance  to  expansion  (i.e.,  more  expansion 
in  a given  time) . 

Expansion-shrinkage  curves  for  1-in. -thick  (2.5  cm)  prisms  in  50% 

R.H.  are  shown  in  Figure  19a.  The  curve  for  p = 0.15%  remains  above  the 
zero  strain  line.  Corresponding  curves  for  1-in. -thick  (2.5  cm)  prisms 
in  75%  R.H.  are  presented  in  Figure  19b.  Both  curves  remain  in  the 
plus  strain  zone  throughout  the  365-day  period.  Similar  performances 
are  observed  for  2-  and  4-in. -thick  (5.1  and  10.2  cm)  prisms  in  50% 

R.H.  and  75%  R.H.,  as  indicated  in  Figures  20  and  21. 

Residual  strains  after  365  days  are  shown  in  Table  8 and  the 
effects  of  specimen  thickness  are  presented  in  Figure  22  in  terms  of  S/V. 


Shape  of  the  curves  is  quite  similar  to  those  in  Figures  16a,  b,  and  c. 

It  should  be  noted  that  although  thickness  affects  the  magnitude  of 
residual  strain,  in  50%  R.H.  the  p = 0.15%  curve  remains  above  the  zero 
strain  line  and  in  75%  R.H.  both  of  the  curves  are  above  the  zero  strain 
line. 

Expansion-Shrinkage  of  7.5  SCA-LW  Prisms 

Expansions  of  7.5  SCA-LW  prisms  after  14  days  of  fog  curing  are 
shown  in  Table  3.  As  noted  previously  with  regard  to  the  7.5  SCA-SLW 
concrete,  these  expansions  are  higher  than  the  normal  weight  aggregate 
concretes.  Causes  of  the  higher  expansions  are  the  same  as  stated  for 
the  7.5  SCA-SLW  concrete;  in  this  case,  all  the  aggregate  is  light- 
weight and  is  thus  highly  absorptive,  eventually  contributing  even  more 
water  into  the  concrete  for  curing  of  the  cement.  Generally,  expansions 
of  the  7.5  SCA-LW  concrete  in  Table  3 are  higher  than  those  for  the 
7.5  SCA-SLW  concrete,  as  expected. 

Expansion-shrinkage  curves  for  1-in. -thick  (2.5  cm)  prisms  in 
50%  R.H.  are  shown  in  Figure  23a.  The  curve  for  p = 0.15%  stayed  above 
the  zero  strain  line  throughout  the  365-day  period,  and  the  curve  for 
p = 0.30%  dipped  just  below  the  line  toward  the  end  of  the  period. 
Expansion-shrinkage  curves  for  1-in. -thick  (2.5  cm)  prisms  in  75%  R.H. 
are  presented  in  Figure  23b.  Both  curves  remained  substantially  above 
the  zero  strain  line. 

Expansion-shrinkage  curves  for  2-in- thick  (5.1  cm)  prisms  in  50% 

R.H.  are  shown  in  Figure  24a.  The  curve  for  p = 0.15%  stayed  above 
the  zero  strain  line,  while  the  curve  for  p = 0.30%  reached  the  zero 
strain  line  at  365  days.  As  indicated  in  Figure  24b,  both  curves  in 
75%  R.H.  stayed  substantially  above  the  zero  strain  line. 

Expansion-shrinkage  curves  for  4-in. -thick  (10.2  cm)  prisms, 
shown  in  Figure  25a  and  b for  50%  R.H.  and  75%  R.H.,  respectively,  are 
quite  similar  to  those  for  the  2-in. -thick  (5.1  cm)  prisms. 

Residual  strains  after  365  days  are  given  in  Table  9 for  all 
three  thicknesses.  Effects  of  prism  thickness  upon  S/V  are  shown  in 
Figure  26.  These  curves,  quite  similar  to  previous  ones,  furnish  a ready 
means  for  prediction  of  expected  performance  of  7.5  SCA-LW  concretes  in 
thicknesses  from  1 to  12  in.  (2.5  to  30.5  cm)  for  steel  percentages  of 
0.15  and  0.30. 

SC  Mixes  With  Different  Cement  Contents 

Expansions  of  the  prisms  made  with  these  concretes  are  shown  in 
Table  4.  Since  it  is  the  cement  which  causes  the  expansion,  one 
would  expect  that  the  more  cement  the  more  expansion,  other  things 
being  equal.  This  is  verified  in  Table  4.  As  expected,  the  higher 
the  reinforcement,  the  lower  is  the  expansion  for  a given  prism  thick- 
ness. Figure  4 shows  the  effects  of  cement  content  on  14-day  expansion 
for  1-in. -thick  (2.5  cm)  prisms.* 

* 

Steel  percentage  p = 0.15%. 
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Expansion-shrinkage  of  1-in. -thick  (2.5  cm)  prisms  of  SC  mixes  with 
different  cement  contents  in  50%  R.H.  is  presented  in  Figure  27a  for  i 

p = 0.15%.  Note  that  the  rather  significant  differences  in  expansion 
between  the  6.3  SC  and  11.0  SC  at  14  days  is  greatly  reduced  after 
365  days;  l.e.,  much  of  the  advantage  of  the  higher  expansion  is  lost 
during  the  shrinkage  period. 

Reasons  for  this  are  shown  in  Table  10  which  reports  shrinkage 
strains  for  the  SC  mixes  with  different  cement  contents.  Table  10  veri- 
fies the  long-established  axiom  that  shrinkage  increases  as  the  cement 
content  increases.  Referring  to  Figure  27a,  the  optimum  cement  content 

to  obtain  a residual  strain  of  zero  after  365  days  would  be  about  8.5  .■ 

bags/yd^;  9.1  bags/yd^  would  be  conservative  for  the  conditions  shown  | 

(1-in. -thick  prisms  with  p = 0.15%).  Figure  27b  gives  the  same  curves  j 

for  75%  R.H.  As  noted  in  Figure  27a,  the  advantage  of  the  higher  ex-  j 

pensions  at  higher  cement  contents  is  reduced  after  365  days  but  not 

quite  so  dramatically  as  in  50%  R.H.  All  of  the  curves  remained  above  li 

the  zero  strain  line  in  75%  R.H.  '■ 

Table  11  lists  residual  strains  after  365  days  for  all  prisms  of  ■; 

the  SC  mixes  with  different  cement  contents.  Also  included  in  Table  11  V 

are  the  pounds  per  cubic  yard  equivalents  for  the  bags  per  cubic  yard. 

Curvilinear  relationships  for  the  1-in. -thick  (2.5  cm)  prisms  are  shown 
in  Figure  28.  As  noted  in  almost  all  other  concretes  in  50%  R.H.,  prisms 
with  p = 0.30%  dropped  below  the  zero  strain  line  after  365  days,  while 
at  least  some  of  those  with  p = 0.15%  remained  above  the  zero  strain 
line. 

Table  11  also  lists  residual  strains  for  the  same  mixes  in  75% 

R.H.,  and  Figure  29  shown  the  curves  for  2-in- thick  (5.1  cm)  prisms.  , 

Compressive  Strengths  and  Young's  Moduli 

In  an  earlier  CEL  report,  data  were  presented  which  indicated  that 
both  compressive  strengths  and  Young's  moduli  of  shrinkage-compensating 
concretes  are  equal  to  or  greater  than  those  of  portland  cement  con- 
crete. [18]  Further  tests  have  shown  that  this  is  true  for  all  the 

types  of  concrete  used  in  this  study.  p 

DESIGN  APPLICATIONS 

Structurally  speaking,  it  has  been  shown  that  shrinkage-compensating  | 

concrete  can  be  safely  substituted  for  portland  cement  concrete,  utiliz- 
ing the  same  design  factors  as  for  portland  cement  concrete:  cement 
content,  water/cement  ratio,  alr-entralnment , steel  percentage,  etc. [6,7] 

However,  the  value  of  shrinkage-compensating  concrete  is  in  its  ability 
to  compensate  for  expected  shrinkage  and  thus  avoid  shrinkage  cracking. 

Test  results  make  it  plain  that  shrinkage-compensating  concrete  is 
effective  for  its  stated  purpose  only  when  the  steel  percentage  is 
fairly  low  (l.e.,  less  than  0.30%).  Effective  utilization 
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of  shrinkage-compensating  concrete  is  thus  limited  to  those  structures 
which  are  lightly  reinforced. 

For  a given  structure,  once  the  designer  has  chosen  the  thickness, 
steel  percentage,  and  minimum  cement  content  required  for  structural 
safety,  he  can  determine  the  efficacy  of  using  shrinkage-compensating 
concrete  by  determining  the  following  factors:  shrinkage  to  be  expected 
(to  be  compensated  for)  and  expansion  he  can  expect  from  different  cement 
contents  at  the  steel  percentage  chosen,  with  both  factors  dependent 
upon  the  thickness  of  the  structure  and  upon  environment. 

Shrinkage  to  be  expected  can  be  determined  from  Figures  30  and  31. 
Shrinkage  values  used  to  derive  these  curves  were  taken  from  test  data 
in  this  report;  averages  were  used  to  simplify  the  curves.  Since 
shrinkage  is  not  much  different  for  steel  percentages  of  0.15%  and  0.30%, 
shrinkage  curves  in  Figures  30  and  31  are  Independent  of  steel  percentage. 
Where  one  shrinkage  was  slightly  higher  than  the  other,  as  in  line  2 of 
Table  10,  the  higher  value  was  plotted,  thus  making  these  figures 
conservative.  For  example,  for  a structure  6 in.  thick  made  with  normal 
weight  7.5  SC  river  aggregate  concrete  to  be  placed  in  an  environment 
where  the  average  humidity  is  65%,  Figure  30a  shows  shrinkage  values  of 
-780,  -655,  and  -540  for  1,  2,  and  4 in.  thick,  respectively.  These 
values,  plotted  on  Figure  31a,  result  in  the  dashed  curve  shown.  Shrink- 
age of  a 6-in. -thick  structure  in  65%  R.H.  can  be  expected  to  be  -460 
microstrain.  If  the  cement  content  is  higher  or  lower  than  7.5  bags/yd^, 
a multiplication  factor  for  the  shrinkage  can  be  obtained  from  Figure  32 
(taken  from  Table  10),  which  shows  factors  for  steel  percentages  of 
0.15%  and  0.30%. 

Having  established  the  amount  of  expected  shrinkage,  the  design 
and  analysis  for  use  of  shrinkage-compensating  concrete  can  be  completed 
by  utilizing  Figures  33a,  b,  and  c which  shows  expansion  for  normal 
weight,  sand-lightweight,  and  all-lightweight  7.5  SC  concretes,  respect- 
ively. Figures  34  and  35  show  effects  of  cement  content  on  expansions 
in  SC  concretes  with  steel  percentage  = 0.15%. 


Design  Examples 


1.  Given:  SC  normal  weight  river 
Aggregate  concrete 
Steel  percentage 
Concrete  thickness 
Average  humidity 


= 7.5  bags /yd ^ 
= 0.15% 

= 6 in. 

= 65%  R.H. 


Analysis:  From  Figures  30a  and  31a,  shrinkage  = -460  microstrain 
From  Figure  33a,  expansion  = 530  mlcrostraln 

Conclusion:  Expansion  (530)  of  SC  normal  weight  concrete  at  7.5 
bags/yd^  is  more  than  adequate  to  compensate  for 
shrinkage  (-460) 


2.  Given : 

Analysis : 

Conclusion: 

3.  Given: 

Analysis : 

Conclusion : 

A.  Given: 

Analysis: 

Conclusion : 


Same  as  for  Example  1,  except  that  sand-lightweight 
aggregates  are  to  be  used 

From  Figures  30b  and  31b,  shrinkage  = -380  microstrain 
From  Figure  33b,  expansion  = 565  mlcrostraln 

Fxpansion  (565)  of  SC  sand-lightweight  concrete  is 
more  than  adequate  to  compensate  for  shrinkage  (-380) . 


SC  normal  weight  river 
Aggregate  concrete 
Steel  percentage 
Concrete  thickness 
Average  humidity 


= 7.5  bags/yd^ 
= 0,15% 

= 3 in. 

= 50%  R.H. 


From  Figure  31a,  shrinkage  = -665  mlcrostraln 
From  Figure  33a,  expansion  = 660  microstrain 


Expansion  (660)  of  SC  normal  weight  river  aggregate 
concrete  is  just  adequate  to  compensate  for  shrinkage 
(-665) 


SC  normal  weight  river 
Aggregate  concrete 
Steel  percentage 
Concrete  thickness 
Average  humidity 


= 7.0  bags/yd^ 
= 0.15% 

= 2 in. 

= 50%  R.H. 


From  Figure  31a,  shrinkage  for  7.5  bags/yd^ 
and  2 in.  thickness  = -740  microstrain;  since 
cement  content  is  7.0  bags/yd^,  obtain  multiplication 
factor  from  Figure  32:  0,96  x (-740)  = -710  micro- 

strain 

From  Figure  34,  plot  expansions  for  7.0  bags/yd^ 
onto  Figure  35,  as  shown  by  the  dashed  line;  expan- 
sion for  2 in.  thickness  = 675  mlcrostraln 


Expansion  (675)  of  7.0  SC  normal  weight  river  aggregate 
concrete  is  not  adequate  to  compensate  for  shrinkage 
(-710).  Alternatives  are:  (1)  use  higher  cement 
content  or  (2)  use  lower  steel  percentage.  Assuming 
the  steel  percentage  to  be  minimum  for  code,  adjust 
by  obtaining  proper  cement  content  to  compensate  for 
shrinkage  of  -710  mlcrostraln.  From  Figure  34, 
adjust  cement  content  to  7.5  bags/yd^,  providing 
expansion  of  730  mlcrostraln.  To  check  adequacy 
of  expansion,  see  Figure  31a  to  obtain  shrinkage 
for  7.5  bags/yd^  = -740  microstrain. 
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Final  Conclusion:  Expansion  (730)  is  close  enough  to  the  shrinkage 
(-7A0)  to  be  considered  adequate. 

Other  combinations  of  data  for  use  in  design  can  be  prepared  from 
the  data  in  this  report.  The  example  designs  were  presented  to  illustrate 
methods.  Similar  design  relationships  can  be  developed  for  SC  concretes 
made  with  crushed  limestone  aggregates. 


CONCLUSIONS 

1.  Shrinkage-compensating  concrete  can  be  designed  and  utilized 
to  adequately  compensate  for  shrinkage;  due  consideration  must  be  given 
to  cement  content,  steel  percentage,  thickness,  adequate  curing,  and 
ambient  humidity  at  the  structure. 

2.  Steel  percentages  less  than  0.30%  seem  to  be  optimum  for  most 
design  situations,  although  in  some  cases  cement  content  can  be  increased 
to  overcome  deficient  expansion. 

RECOMMENDATIONS 

1.  Shrinkage-compensating  concrete  should  be  used  to  eliminate  or 
minimize  shrinkage  cracking  in  designs  which  incorporate  low  steel  per- 
centages (less  than  0.30%).  Tables  and  figures  in  this  report  should 
be  used  to  determine  interrelationships  between  cement  content,  steel 
percentage,  thickness,  environment,  and  shrinkage.  It  should  be  noted 
that  this  recommendation  applies  only  to  structural  applications,  not 
to  slabs-on-grade. 
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Table  1.  Thin  Shell  Prisms  of  Shrinkage-Compensating 
Concrete  Used  in  Research  Program 


continued 


Reinforcement  Percentages  Using  Welded  Wire  Fabric 


Reinforcement  percentage  = the  total  cross-sectional  area  of  the  horizontal  wires  at 
the  end  of  the  prism  ^ the  total  cross-sectional  area  of  the  prism,  viewed  from  the  end 


Table  3.  Expansion  Strains  of  Prisms  Made  With  Concrete  Mixes 
Containing  7.5  Bags/yd^  of  Cement,  After  14  Days  of  Fog  Curing 


Expansion 

Strains  With  Prism  Thicknesses  of- 

- 

Line. 

Concrete 

— 

1 in. 

2 in. 

4 in. 

No. 

Mix 

With  Steel  Reinforcement  (%)  of- 

- 

0 

0.15 

0.30 

0 

0.15 

0.30 

0 

0.15 

0.30 

■ 

7.5 

SC 

1,010 

845 

630 

860 

730 

560 

705 

610 

555 

7.5 

SCA 

925 

775 

645 

None 

None 

None 

None 

None 

None 

iH 

7.5 

SC-L 

830 

705 

550 

None 

None 

None 

None 

None 

None 

7.5 

SCA-L 

865 

705 

510 

None 

None 

None 

None 

None 

None 

H 

7.5 

SCA-SLW 

1,115 

930 

725 

None 

815 

630 

None 

670 

525 

'B 

7.5 

SCA-LW 

1,205 

980 

710 

None 



860 

665 

None 

745 

610 

3 

Expansion  strains  are  in  microstrain,  average  of  at  least 
three  specimens 


Table  4.  Expansion  Strains  of  Prisms  Made  With  SC  Mixes 
Containing  Different  Amounts  of  Cement?  After  14  Days  of  Fog  Curing 


1 

Concrete 

Mix 

Expansion  Strains'^  With 

Prism  Thicknesses 

of — 

1 in. 

2 in . 

With  Steel  Reinforcement 

(%)  of  — 

0 

0.15 

0.30 

0 

0.15 

0.30 

1 

6.3  SC 

835 

710 

505 

None 

565 

380 

2 

7.5  SC 

1,010 

845 

630 

None 

730 

560 

3 

8.25  SC 

1,090 

915 

700 

None 

810 

625 

4 

9.1  SC 

1,160 

985 

765 

None 

885 

685 

5 

10.25  SC 

1,245 

1,075 

850 

None 

975 

745 

6 

11.0  SC 

1,295 

1,125 

905 

None 

1,025 

775 

Q 

^All  mixes  made  with  river  aggregate. 

Expansion  strains  are  in  microstrain,  averages  of  at  least 
three  specimens. 
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Table  5.  Expansion  Strains  of  Prisms  Made  With 
7.5  SC  Mixes  With  Different  Steel  Percentages  , 
After  14  Days  of  Fog  Curing 


Steel 

Expansion  Strains 

With  Prism  Thickness  of — j 

Percentage 

1 in . 

2 in. 

4 in. 

0 

1,010 

860 

705 

0.15 

845 

730 

610 

0.22 

750^^ 

645*^ 

555^^ 

0.30 

630 

560 

485 

0.44 

sis'" 

470*^ 

385 

0.47 

495 

455*^  . 

370^^ 

0.50 

480 

440 

355 

0.78 

390  1 

340 

265 

^All  mixes  made  with  river  aggregate. 

^Expansion  Strains  are  in  microstrain,  averages  of  at  least 
3 specimens. 

Q 

Interpolated  values. 
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Table  7.  Residual  Microstrains  of  1-in. -Thick  Prisms 
of  7.5  SC-L  and  7.5  SCA-L  Concretes  After  365  days. 


Residual  Microstrains  in — 


50%  R.H. 


75%  R.H. 


Concrete 

Mix 

r 

1 

With  Steel 

Reinforcement 

of 

! 0.15% 

I 0.30% 

1 

0.15% 

0.30% 

7.5  SC-L 

-45 

-180 

255 

65 

7.5  SCA-L 

-25 

-210 

1 255 

30 

Table  8.  Residual  Microstrains  in  7.5  SCA-SLW  Prisms  After  365  Day 
[~  ~ T Residual  Microstrains  in — ] 


Prism 

Thickness,  in. 


50%  R.H.  75%  R.H. 

Steel  Reinforcement  of — 


0.30% 


0.15% 


I 


Table  10.  Shrinkage  Strains  of  SC  Mixes  With 
Different  Cement  Contents  (14  Days  to  365  Days) 


Table  11.  Residual  Microstrains  in  SC  Mixes  With 
Different  Cement  Contents  After  365  Days 
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Figure  2.  Forms  for  prisms  5 in.  wide  and  12  in.  long 
showing  reinforcement. 


<.trying  environment 


Figure  3.  Ideal  expansion-shrinkage  curve  for  restrained 
shrinkage-compensating  concrete. 


Kxpansion  (microsirain) 
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O 6.3bags/yd^ 

Sv  0.15% 

t.cmetu  Content  (hags/yd  ) 


Figure  A.  Expansion  strains  of  l-in.-tliiok  prisms  of  7.5  SC  concrete 
after  14  (lays  of  fog  curing,  based  on  cement  content. 


Kxpansion  (%  strain) 


Microstrain 


Microstrain 


Residual  Microstrain 


Legend 

^ Interpolated 
dashed  lines  are  extrapolations 


Relative  Humidity  (%) 


Effects  of  humidity  upon  365-day  residual 
thick  prisms  of  7.5  SC  concrete. 


Figure  9 


Residua]  Microstrain 


1 2 3 4 5 6 7 14  20  40  60  80  100  200  3(8)  365 

Time  (days) 

(a)  50%  K.ll. 

Figure  11.  Expansion-shrinkage  of  2-in. -thick  prisms  of  7.5  SC  concrete 
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Microstrain 


Microstrain 


35 


olumc 


Residual  Microstrain 

(a)  25%K.II. 

Figure  16,  Residunl  strain  as  a function  of  S/V  for  7.5  SC  concrete. 
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16.  Continued 


7.5  sc;,  p = 0.15% 


1 2 3 4 5 6 7 14  20  40  60  KO  100  200  3oo  365 

'rime  (^lays) 


P’igure  17.  Comparison  of  1-in. -thick  prisms  of  7.S  SC  and  7.5  SCA 
concretes  in  75%  R.H. 
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Figure  18.  Continued 
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Figure  22.  Residual  strain  after  365  days  as  a function  of  S/V  for 
SCA-SLW  concrete. 


63 


Microstrain 


7 


6<>  H<)  t(H) 


2(H)  3lH>  365 


14  20 

Timv  (ilays) 


40 


(1))  75%  K.II. 

Figure  23.  Continued 
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Figure  25.  Expansion-shrinkage  of  4-in. -thick  prisms  of  7.5  SCA-LW 
concrete. 
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shrinkage  in  50%  R.H. 


Micrustrain 


Residual  Microstrain 
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Figure  28.  Residual  strains  after  365  days  in  1-in. -thick  prisms  of 
SC  mixes  with  different  cement  contents. 
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Figure  30.  Continued 
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Multiplication  Factor  for  Shrinkage 


percentage 


Cement  Content  (l)jigs/yd^) 


Figure  32.  Multiplication  factors  for  effects  of  cement  content 
on  shr i nkage . 


Factor  * Shrinkage  at  given  cement  content 
divided  by  shrinkage  at  7.5  bags/yd^ 
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(h)  Miulc  with  sand-lightweight  aggregates. 

Figure  33,  Continued 
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Figure  35.  Expansion  after  14  days  of  curing  versus  S/V  for  normal 
weight  SC  concretes  made  with  different  cement  contents. 
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NAVFACi;NGCOMCode04  3 Alexandri.i,  V A;  (ode  1)44  Alexandria.  VA;  Code  0431  Alexandria,  V A;  Code  0433  (D. 

PiUler)  .Alexandria.  V.A:  Code  04^413  Alex.indna.  Va;  ('ode  046;  Code  0461 D t V M .Spaiildingi;  C'ltde  04133 
Alexandrm.  V,\;  Code04H'  Alexandri.i.  V.A;  Code  101  Alexandria,  V.A;  ( ode  10133  (J.  Feimanis)  .Alexandri;i.  V.A; 

Code  1 023  I M.  C;irr)  Alexandria.  V A.  ( ode  1023(1  Stevens | Alexandria.  V A;  Code  104  Alexandria.  V A;  Code 
2014 1 Mr.  I aaml.  Peail  Harbor  H I:  P W Brewer:  P(  -22  iF  SpeneeiT  Alexandria.  V A;  PF-2  Ponee  P R .Alexandria. 

V.A  t 

NAVI  A(  I NGCOM  -f  fit  s DIV  Code  101  Wash.  DC;  Code  402  (R,  Morony)  W;ish.  DC:  ('ode 403  ( H.  DeVoe) 

W;ish,  DC;  Cixle 403  Wash.  IK  ; Code  IT’O-I  tC  Bodey)  Wash.  D(  ; ( ode  I PO- 1 (Oiisen)  W.ish.  DC;  ( ode 
f PO-ISPlDr.  Fewis)  W.ish.  DC:  Code  FP()  ISPI3(T  F Sullivan)  Wash.  D(';  Code  FPO  llT2lMr  Seolal. 

Washington  IX';  Coniraets,  ROK  ( , Annapi'hs  Ml) 

NAVFACFNGCOM  ■ l.ANT  DIV.  Code  lO.A.  Norfolk  VA.  Tut  BR  Deputy  Dir.  Naples  Italy;  RDT <VF F( )09P2. 

Norfolk  V.A 

NAVFA(  t;NGCOM  NOR  TH  DIV  AHOICC.  Brooklyn  NY;  (d.  Code09P|F(  DR  A J . Stewart );  Code  1028, 

RDTVil  TO.  Philadelphia  PA;  Code  1 1 1 iCastranovo);  Code  1 14  (A  Rhoads);  Design  Div  iR  Masino).  Philadelphia 
PA;  ROICC,  Contracts.  Crane  IN 

NAVt  .ACI-  NGCOM  P. AC  DIV.  Code  402.  RDT  ^tl  \ Pearl  Harbor  HI;  Commander.  Peail  Haiboi  .HI 


r 


NAVJ  AC'hNCil'OM  -SOinH  OIV.  Code  W,  RDT&Kl.O.  C'harIcMon  SC;  Dir..  New  Orleans  I.A;  ROlCCd.CDR  R. 
Moeller).  C'ontraets.  Corpus  Chrisli  I X 

NAVKACl-  NOl'OM  - WKS 1 OIV.  lo:;  1 1 2: 4(!«,  San  Bruno  CA;  AROICC.  Coniraels.  I wemynine  Palms  CA;  Code 
()4B;OyP/:0;  RDl &P;i,0  Code  ;01 1 San  Bruno,  CA 

NAVFACI-NOl ()M  CONTRACT  AROICC.  Point  Mugu CA;  AROICC.  Quaniieo,  V A;  Code O.V  I RIOKN  1 . 

Bremerton  W A;  Png  Div  dir.  Southwest  P;ie.  Manila.  PI;  OICC.  Southwest  Pae.  Manila.  PI;  OICC/ROICC,  Balhoa 
Canal  Zone;  ROICC  lKr\  in)  Puget  Sound  Naval  Shipyard,  Bremerton,  W A;  ROICC  (I.CDR  J.Ci.  Leech).  Subic 
B;iy.  R.P.;  ROICC  1 AN  I OIV..  Norfolk  VA;  ROICC  Off  Point  Mugu.  CA:  ROIC'C.  Clark  ALB.  PI:  ROICC, 


OiegoOarci.i  Island;  ROICC.  Keflavik.  Iceland;  ROICC,  P;icific.  San  Bruno  CA 
NAVHOSP  11  R.  LIshernd.  Puerto  Rico 
N.AVMACi  SCL.Ciiuim 
NAVMIROOIC.  Philadelphia  PA 
NAVNUPW  RU  MUSL  OLTOIC.  Port  HuenemeCA 

N.AVOCL.ANOCode  l6<K)BaySt.  Louis.  MS;  Code  .^4.12  (J.  OePalma).  Bay  St.  Louis  .MS 

NAV0CL:ANSYSCL:N  Code  656.' tTech.  Lib.).  San  Diego  CA;  Code  67(H),  San  Diego.  C A;  Code  7511  (PWO)San 
Diego,  C.A;  SCK  (Code  66(H)).  San  Diego  CA 
NAVORDS T A PWO,  Louisville  KY 
N AVPL;  rOLL  Cixle  -f(),  Alexandria  V A 
NAVPCiSCOl.  LCDK  K.C.  Kelley  Monterey  CA 

NAVPHIBASLCO,  ACB  2 Norfolk,  VA;  Code  S.VT  . Norfolk  VA;  OIC.  UCT  ONL  Norfolk,  Va;  UCl  I (MacDougal) 
Norfolk.  VA 

NAVRADRKCLAC  PWO.  Kami  Seya  Japan 

NaVRLOMLDCLN  Code  5041 , Memphis,  Millington TN;  PWO  Newport  Rl;  PWO  Portsmouth,  V.A;  SCL  (D.  Kaye); 

SCL  (LCDR  B.  L.  I hurston).  San  Diego  CA;  SCL.  Guam 
NAVSCOLCLCOLLC.55  Port  Hueneme.  CA;  C'44A  (R.  Chittenden).  Port  Hueneme  CA;  CO.  Code  C44A  Pori 
Hueneme,  CA 

N.AVSLASYSCOM  Code  0.525.  Program  Mgr.  Washinglon.  DC;  Code  SL.A  OOC  Washington,  DC 
NAVSLX"  Code  60.54 (Library).  Washinglon  DC 

N.AVSLCCiRU  ACT  Lacil.  Off.,  Cialeta  Is.  Canal  /.one;  PWO.  Ld/ell  Scotland;  PWO,  Puerto  Rico;  PWO.  1 orri  St;i. 
Okinawa 

N.AVSH IPRLPLAC I ibrary.  Guam;  .SCL  Subic  Bay 

N.AV.SHIPYD  CO  Marine  Barracks.  Norfolk.  Portsmouth  V A;  Code  202.4.  Long  Beach  CA;  Code  202.5  (Library ) 
Puget  Sound.  Bremerton  W .A;  Code  400.  Puget  Sound;  Code  404  (1,1  J . Riccio).  Norfolk,  Portsmouth  V.A;  Code 
410.  Mare  Is..  Vallejo  C A;  Code  440  Portsmouth  NH;  Code  440.  Norfolk;  C ode  440.  Puget  Sound.  Bremerton  W ,\; 
Code  440.4.  Charleston  SC;  Code  450.  Charleston  SC;  L.D.  Vivian;  Library , Portsmouth  NH;  PW  D(Code  4(HI|, 
Philadelphia  PA;  PW  DtL  f N.B.  Hall).  Long  Beach  C'A;  PWO,  Marc  Is,;  PWO.  Puget  Sound;  SCL,  Pearl  Harbor 
HI 

N.AVS  r.A  CO  Naval  Station.  Mayport  LL;  CO  Roosevelt  Roads  P R.  Puerto  Rico;  Lngr.  Dir..  Rota  Spain;  Maint 
Coni  Div..  Giuintanamo  Bay  Cuba;  .Maim.  Div . Dir/Code  551 . Rodman  Canal  Zone:  PW  D( I 1 JG  P.M . 
Motodlenich),  Puerto  Rico;  PW  D/Lngr.  Div.  Puerto  Rico;  PWO  Midway  Island:  PWO.  Guantanamo  Bay  C iiba; 
PWO.  Keflavik  Iceland:  PWO,  Mayport  LL:  PWO.  Puerto  Rico:  ROICC  Rota  Spain;  ROICC,  Rota  Spam;  SC  I . 
Guam;  SCI;,  San  DiegoC.A;  SCL  . Subic  Bay,  R.P.;  Utilities  Lngr  Off.  (LUG  ,A.S.  Rilchie),  Rola  Spam 
NAVSUBASL  LUG  D W Peck.  Grolon,  CT 

N.AVSU PP.AC  1 CO.  Brooklyn  NV  ; CO.  Seatlle  W A;  Code  4.12  Marine  Corps  Dist,  1 reasure  Is..  San  Lraiicisco  C.A; 

L ngr.  Div.  t L . Mollica).  Naples  luily ; 1 UG  McGarrah.  Vallejo  C.A;  Plan/Lngr  Div ..  Naples  Italy 
NAVSURLW  PNCLN  PWO.  W hile  Oak.  Silver  .Spring,  MD 
NAV  I LCH  1 RACLN  SCL:.  Pensacola  IT. 

NAVW  PNCLN  Code  26  56(W.  Bonner).  China  LakeCA;  PWOtCode  26).  China  Lake  CA;  ROICCtCode  702),  China 
L.ikeCA 

NAVW  PNSl  A I NS (1  A.  I owry . I allbrook  C.A:  Maim.  Control  Dir..  Yorklow ii  V A:  PW  Office  (C  ode  OdCT  ) 
Aorktown.  VA;  PWO.  Seal  Beach  CA 
NAVW  PN.SC  PPCL.N  Code  W I Boennighaiisen)  Crane  IN 
NAVXDIVINGLT  I A M.  Parisi.  Panama  City  LL 
WPNSl  A L ARI  1 (■ode(W2.ColtsNeckNJ 

NC  Be  C LT  (C.APl  N.  W Peleisen).  Port  Hueneme,  CA;  CT  I AOIC  Port  Hueneme  C A;  Code  10  Davisv ille.  Rl, 

C ode  400.  Gulfport  MS.  PW  1 ngrg,  Ciiilfporl  MS;  PWO  (Code  HO)  Port  Hueneme,  C.A 
NC TH.'  41 1 OIC  . Norfolk  VA 
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NC  R 2(1.  C ommander 

NMC’B  1 .VI  ( 1;NS  1 .W . Nielsen);  .S.  Operations  IX’pt.;  74.  C'O;  Forty.  CO;  IH  RKF'.  Operations  Off. 

NKl.  Code  841)0 (J.  Walsh).  Washington  IK';  Code  8441  (R.A.  .Skop).  Washington  DC 
NROIC'U  Cniv  Coloradotll  D R Burns).  Boulder  CO 
NSC  Code  .‘'4. 1 iWynne).  Norfolk  VA 
NSDSCF.SuhieBay.  R.P. 

N I C Code  .‘(4  (F:NS  H.  Ci.  Jaekel).  Orlando  FI.;  Commander  Orlando.  FI.;  OICC.  CBU-4()I . Great  l.akes  IF;  SC'F 
Great  Fakes.  IF 

NCSC  Code  I .^l  Nevs  Fondon.  CT;  Code  E AI2.1  (R.S.  Munn).  Nevs  Fondon  C'l ; Code  TA I .^1  (G  De  la  Cru/ ).  Ness 
Fondtsn  C I 


( K'E  A N S Y S F A N 1 1.  r A . R . G ianeola . N ssrf oik  V A 
NORD.A  Code  44()(Ocean  Rsch.  off)  B.iy  St.  Fouis.  .Ms 

ONR  BROKE.  CO  Boston  MA;  Code  7()()F  Arlington  VA;  Dr.  A.  Faufer.  Pasadena  CA 
PACMISRANEACCO.  Kekaha  HI 

PM  I C'Cisde  42-^.V.V  Point  Mugu.  C.A;  Pat.  Counsel.  Point  Mugu  CA 

PW  C'  ENS  J . FF  Surash.  Pearl  Harbin  HI;  ACE  Office  (F’l  JG  St.  Germain)  Norfolk  V A;  CO.  Great  Fakes  IF;  Code 
I Iti  1 1. UG.  Eckhart)  Great  Fakes.  IF;  Code  1 20.  Oakland  CA;  Code  1 2()C  (Fibrary ) San  Diego.  CA;  Code  1 28. 

Guam;  Code  200.  Great  Fakes  IF;  Code  2(K).  Oakland  C.A;  Code  220  Oakland.  CA;  Code  220. 1 . Norfolk  V A;  Code 
40C  t Boettcher) San  Diego.  CA;  Code  40 (C.  Kolton)  Pensacola.  EF;  Code  .^0.' A t H.  Wheeler);  Code  080.  San 
Diego  CA;  Fibrary.  Subic  Bay.  R.P.;  OICCBU-40.V  San  Diego  CA;  XO  Oakland.  CA 
spec  Code  1 22B.  Mechanicsburg.  PA;  PWO  tCodc  1 20)  Mechanicsburg  PA 
FC  TTWOOIC.  Port  HuenemcCA 

C.S.  MERCHANT  MARINE  ACADEMY  Kings  Point.  NY  (Reprint  Custodian) 

L:S  dep  t of  AGRIC  Forest  Products  Fab.  Madison  Wl 
CS  NAVAF  FORCES  KoreatENJ-P&O) 

USAF  SCHOOF OF  AEROSPACE  MEDICINE  Hyperbaric  Medicine  Div.  Brooks  AFB.  TX 

L'SCG  tti-ECV/bl  tiBurkhart)  Washington.  DC;  Ci-E()E-4/6l  ( T.  Dossd).  Washington  DC;  MM  I -4.  Washington  DC 

CSCG  ACADFiMY  FT  N.  Stramandi.  Ness  Fondon  CT 

LSCa  RAD  (ENTER  Tech.  Dir.  Oroton.  CT 

I'SN.^  Ch.  Mech.  Engr.  IX’pt  Annapolis  MD;  Ocean  Sys.  Eng  IFept  (Dr.  Monney)  Annapolis.  MD;  PW  D Engr.  Dis  . 

tC  Bradford)  Annapolis  MD;  PWO  Annapolis  MD 
AMERICAN  CONCRETE  INSTTI  UTE  Detroit  Ml  tl.ibraryl 

CAFIE.  DEPT  OF  NAVIGATION  & OCEAN  DEV.  Sacramento.  CA  (G.  Armstrong) 

CAFIE.  MARTHME.4CADFMY  Vallejo.  CAlFibniryl 
( AFIEORNIA  ST.ATE  UNIVERSITY  FONCi  BEACH.  C A tCHEFAPATI ) 

CORNEFF  UNIVERSITY  Ithaca  NY  (Serials  IXpt.  Engr  Fib.) 

DAMES  & MOORE  FIBRARY  FOS  ANGEFES.  CA 
DUKE  UNIV  MEDICAF CENTER  B.  Muga.  Durham  NC 

FFORIDA  ATFAN 1 1C  UNIVERSITY  BOCA  R.A  TON.  FF(M(  All  IS  TER);  Boca  Raton  FI  (Ocean  Fngi  Dept  . t 
I in) 

FFORIDA  ATFANTIC  UNIVERSITY  Boca  Raton  FF(W  Tessin) 

FFORIDA  TICHNOFtKilCAF  UNI VERSTIYORFANIX).  FT  (HARTMAN) 


(iEt )R(ilA  INS  TH  TITT  OF  TECHNOFOGY  Atlanta  GA  (School  of  Cisil  Engr..  K.ihn I 
INSTTTU  TE  OF  MARINE  SCIENCES  MoreheadCity  N(  (Director) 

IOW  A S TATE  UNIVERSTI  Y Ames  FA  (CE  IVpt.  Hands  I 
VIRGINIA  IN.S'T.  Of-  M.ARINE  .S(  1.  Gloucester  Point  V A (I  ibrars ) 

FFTIIGH  UNIVERSITY  BE  Till  THEM.  P A ( MARINE  Git)  11  (11 N It  Al  FAB  . RK  H.ARDSi;  Bethlehem  PA 
( I rit/  Fingr.  I .ah  No.  I .V  Beedle);  Bethlehem  PA  ( I inderman  Fib.  No.  TO.  Flecksteinei  i 
FIBRARY  OF  C(  INGRESS  W ASH  ING  I ON . DC  (SCIENCE  S A 1 1 t H DIVi 
MAINE  M ARI  TIME  A(  ADF  MY  CAS  I INF  . ME  (FIBRARY) 

MU  HIGAN  TECHNOFtKilCAF  UNIVERSI  TY  Houghton.  Ml  tflaasi 

MTT Cambridge  M.A;  Cambridge  MA(Rm  l()  ‘i(K).  lech  Reports.  Engr  I ib  i;  Cambridge  M.A(Whilmani 
NYC  TTY  COMMUNITY  (OFFEGE  BROOKFYN.  NY  (FIBRARY) 

I'NIV.  NOIRE  D.AMli  Kalon;i.  Notre  Dame.  IN 

OREGON  ST.ATE  UNIVERSITY  (CE  Dept  GracelCorvalhs.  OR;  CORVAI  FIS.  OR  (CF  DF  PI . Bl  1 I ); 

CORVAI  I IS.ORiCE  DFTM  . HICKS);  Corsalis OR  (School  of  Oceanogr.iphy ) 

PI  NNSYI  VANIA  .SI  A IF  l^NIVI  RSTI  Y ST  A TF  COFFItiF . PA  (SNYDER);  UNIV  I RSI  TY  PARK.  PA 
(GOIOFSKI) 
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I'l'RIU)!-;  UNIVHKSn  V l.iifiiycltc  IN  (l.oonards);  l.ufaycilc,  IN  (Altsthacffl);  Lafayette.  IN  (CL  Kiigr.  l.ih) 

S.AN  011X11)  SI  .\VK  UNIV . Dr . Krishnamnorthy.  San  Diego  C'A 

SC  RUM'S  INSn  ilTKOLOCLANOGRAI’HY  LA  JOLLA,  CA  (ADAMS):  San  Diego.  C'A  ( Marina  I'hy.  Lah.  Spiessi 
.SOU  I II W LS  I R.SC'H  INS  r i . Maison.  San  Antonio  VX.  R.  DeHart.  San  Antonio  TX 
.STANLORD  UNIVLRSI I V Stanford  C A (Gene) 

SIAIL  L^NIV.OLNLW  YORK  Buffalo.  NY 

I i:XAS  A&M  L NIVLRSn  Y C'OLI.LGL  .STA HON.  I X (C  L DLPI  );  C ollege  TX  (C'L  Dept.  Hetbieh) 

UNIVLRSI  I YOLC'AI.ILORNI A BLRKLl.LY.  C'A  (C'L  DLl'T.  GLR W IC'K  I;  B LRKLl.LY.  C'A  (C  l DLl'l  . 

Mll  C HLLL):  BLRKLLLY.  C'A  (OLL.  BUS.  AND  LINANC'i:.  SAUNDLRS):  Ber  keley  C'A(B.  Brevier  ): 
Berkeley  C'A  (IX’pl  of  Naval  Arch  );  Berkeley  C'A  (L.  Pearson);  Berkeley  C'A  (M.  Polivka)  Depl  of  C'L:  Berkeley 
C A(R.  Williamsonv.  DAVlS.C'AlC'L  DLl'T.  V AY  LOR):  LIVLRMORL.  C'A  (l.AWRLNC'L  LI  VLKMOKL  1.  AB. 
roK.ARZ);  Los  Angeles  S.  Aroni.  M . Dunean.  Berkeley  C'A 
UNIVLRSI  lY  OLDLl.AWARL  Newark.  DL  (Dept  of  Civil  Lngineering,  C'tiesson) 

UNIVLRSITYOLH.AWAIl  HONOLULU.  HI  t.SC'lLNC'L  ANDTLC'H.  DIV  );  Honolulu  HI  ( Dr.  S/rlard) 

UNIVLRSI  lYOL  ILLINOIS  Met/ Ref  Rm,  Urhana  IL;  URBAN  A.  IL(  DAVISSON):  URBAN  A.  11.  (LIBRARY  ); 

URBAN.A.  IL(NLWARK);  Urbanrr  IL  (C'L  Dep(,  W.  Gamble):  Urbana  11.  (Kesler) 

I'NIVLRSI  l Y OLMASSAC'HUSL  r'IS(Heronemus),  Amherst  MA  C'L  Dept 
UNIVI  RSn  Y OL  MICHIGAN  Ann  Arbor  Ml  (Rieharl) 

UNIVLRSlTYOLNLBRASKA-l.INC'Ol.N  Lincoln,  NL  (Ross  lee  Shelf  Pro,). ) 

UNIVLRSriY  OL  NLW  MLXIC'C)  Albuquerque  NM  (Soil  Much.  & Pav.  Div  , J.  Nielsen) 

UNIVLRSI  l Y OLPLNNSYLVANIA  PHILADLl.PHIA.  PA  (SCHOOL  OL  LNGR  & APl'l.ILD  SCILNCL.  ROLL) 

LiNIVLRSI  l Y OLTLXA.S  Inst.  Marine  Sci  (Library).  Port  Arkansas  TX 

UNIVLRSI  IYOL  I'LXAS  ATAU.STIN  AU.STIN.  TX  (THOMF'SON):  Austin.  TX  ( Breen) 

UNIVLRSITY  OLWASHINCnON  Dept  of  Civil  Lngr(Dr.  Mattock).  Seatlle  W A;  SLATTLi:,  W AlML.RC  HAN  1 ): 
SL.M'TLL.  WA)OCLAN  LNG  RSC'H  LAB.  GRAY);  Serrille  W A ( L.  I inger):  Seattle,  W A Iransportalion. 

C onstruction  tV  Geom.  Div 

US  DLP  I OL  C'OMMLRC'L  NOA  A,  Marine  ik  Larth  Sciences  Lib  , Rockville  M D 

AL.ROSP.AC'L  C'ORP.  Acquisition  Group.  Los  Angeles  C'A 

Al. L R L DAY LL  & ASSC )C' . Honolulu  H 1 

APPI.ILD  I LC'HC'OUNC'II  . R.  Scholl.  Palo  Alto  CA 

ARVTDGRANTOI.YMPIA.  W A 

.Ml, ANTIC  RICHLILI.DC'O,  DALI. AS.  IX(SMITH) 

AU.S  I RALIA  Dept.  PW  (A  Hicks).  Melbourne 
BLCHTLl.  COR!'.  SAN  1 RANC'ISCO.  CA  (PHLI.PS) 

BLI.GIUM  H ALTON.  N.V  .Gen) 

BL  LIU  LHLM  STLLLCO.  BLTHl.LHLM.  PA(STLLLL) 

C.W  , BI.AKLSLLL&SONS  D.W.  Pfeifer  New  Haven  C'T 

('.AN  AD.A  C an-Dive  .Servrees ( Lnglish)  North  Vancouver;  Mem  Univ  Newfoundland (C'lvavi).  St  Johns;  Surseyor . 

Nenninger  At  C'henevert  Inc..  .Montreal 
C L BRAUN  C'O  Du  Bouchet.  Murray  Hill.  NJ 
CHL  ML  D C'ORP  Lake  Zurich  11.  (Dearborn  (hem,  Div. Lib.) 

C'HLMIC  ALLY  PRL.STRLSSLD  CONC'RL  1 1 CORP  \C  P I iljestrom.  Los  Angeles,  CA 
( HLVRON  Oil  I II  l.DRLSL.ARC  H CO.  LA  HABRA.  C A ( BROOKS) 

(01  UMBIAGUl.L  I RANSMISSiON  CO.  HOUSTON.  I X (LNG.  LIB.) 

C'ONC'RLTL  TLC  HNOl.OCiY  C'ORP.  TACOMA.  lA  At.ANDLRSON) 

CONRAD  .ASSOC'.  Van  Nuys  ( A (.A,  1 uisoni) 

Dll  I INGHAM  PRLC'A.SrL.  McHalc.  Honolulu  III 

DR.A  VO  C'ORP  Pittsburgh  P.A  (Ciiannino):  PrIlsbtrrgh  P.A  ( VV  rrghi ) 

NORWAY  DL  I NORSKI  VL  Rl  LAS  ( I ibrary  ).  Oslo 

LVAI  UAI  ION  .A.S.SOC'.  INC  KINCiOL  PRUSSIA.  I'AtLLDI  1 1) 

LORD.  BACON  At  DAVIS,  INC'.  New  York  (1  rbtary ) 

1 R.ANC'L  Dr.  Dirtertrc,  Boulogne;  1 Plrskrn,  Parts,  P.  Jensen.  Bi'ulogne,  Ro.eer  I aC'rors.  I'.rr  is 
GL NL  R AI  DYN  AMIC'S  Live.  Bttat  I )iv ..  1 nviron.  Lngr  (H  W .illrnan).  Grnton  C l 
(■LOl  LC'HNIC'AI  L.NGINLLRS  INC.  Wmehester.  MA(Pauldmg) 

(11  IDDLN  CO.  SIRONGSVII  LL.OH  (RSC'll  I IB) 

(iLOBAI  MARINL  DLVLI  OPMLNl  NLWI’ORI  111  AC 'll.  C.A  ( HOI  I III) 

GOl  I DINC  Shady  Sale  MDtC  hes.  Inst.  Drv  . W Paul) 

GRUM.MAN  ALRCkSPACL  C'ORP  Belhpage  NYdech  Info.  C'tr) 


HAl.l-V  K ALDRIC  H,  INC.  C ambridge  M A ( Aldrieh.  JiM 
HONLVWLl.L.  INC.  Minneapolis  MN  ( Residential  Lngi  l ib.) 

HUCiHLS  AIRCRAIT  Culver  City  CA  ( l ech.  IXie.  Ctr) 

IDLAl.CKMKNTCO.  L.Ci.  Hedsirom,  Denver. CO 
n A1  Y M.  Caironi.  Milan;  Sergio  Fatloni  Milano;  TorinotF.  Levi) 

MAK  AI  OCFAN  HNCiRNO  INC.  Kailua.  HI 
JAMKS  CO.  R.  Ciirdley,  Orlando  FI. 

KAiSFR  CLMFN  l &CiYl’SUM  CORF.  J.W.  Post.  Permanente,  Ca 
KFNNFTH  lATOR  A.SSOC  CORAOPOI.LS,  PA  (LIBRARY) 

LOCKHFF.D  MISSILFS  & SPACK  CO.  INC.  Mgr  "laval  Areh  & Mar  Eng  Sunnyvale,  CA;  Sunnyvale  CA 
(Rynevs  le/);  Sunnyvale,  CA  (Phillips) 

LOCKHEED  OCFAN  LABORATORY  SAN  DIEGO.  CA(PRICE) 
l.OL  ISVTLLE  CEMENT  CO.  H.C.  Fischer,  Speed,  IN 
MAR.A  I HON  OIL  CO  Houston  rX(C.  Seay) 

MARIN  F,  CONCRETE  SIRUCTURES  INC.  MEFAIRIE.  LA  (INGRAHAM) 

MCCT.LLI.AND  ENGINEERS  INC  Houston TX ( B.  McClelland) 

MCDONNEI.  AIRCRAFT  CO.  Dept  ,'01  (R.H.  Fayman),  St  Louis  MO 
,MEDALL&  ASSOC.  INC.  J.T.  GAFFEY  II  SANTA  ANA.  CA 
MEDUS.A  CEMENT  CO.  N.R.  Yoder.  Wampum.  PA;  P.W.  Gutmann  C'leveland  OH 
Ml  XICOR.Cardercis 

MOBIL  PIPE  LINE  CO.  DALLAS.  TX  MGR  OF  ENGR  (NOACK) 

MUESFR.  RUTLEIXiE.  WENTWORTH  ANDJOHNSTON  NEW  YORK  (RICHARDS) 

NEW  ZEALAND  New  Zealand  Concrete  Resettreh  Assoc.  (Librarian),  Porirua 
NEW  PORT  NEWS SHIPBLIXj  & DRYDOCK  CO.  Newport  News  V A (Tech.  Lib.) 

NORW  A Y DET  NORSK F.  VERIT  AS  (Roren)Oslo;  1.  Foss,  Oslo:  J.  Creed.  Slsi:  Norwegian  Tech  Cniv  ( Brandt/aeg). 
Trondheim 

(XIAN  DATA  SYSTEMS,  INC.  SAN  DlECiO.  CA  (SNODGRASS) 

OFFSHORF  DEVELOPMENT  ENCi.  INC.  BERKELEY.  CA 
PACIFIC  MARINETECHNOl.CXiY  LONG  BEACH,  CA  (W  AGNER) 

PENN  - DIXIE  CEMENTCORP.  O.J.  Giant/,  Na/;irelh.  PA 
PHOENIX  CEMEN  TCORP.  J.N.  Stoss,  Phoenix.  AZ 

POR  I I AND  CEMENT  ASS(K'.  H .G.  Russell.  S Kokie.  IL;  SKOKIE.  11.  (CORELY );  SKOKIE.  11,  (K1  lEGl  Rl; 

Skokie  1 1.  ( Rsch  A;  IXv  L;ib,  I ,ib. ) 

PRESCON  CORP  TOWSON,  MD(KELLER) 

PEER  TO  RICO  Puerto  RicotRsch  Lib  ),  Mayaque/  P R 
RAN  D CORP.  Santa  Monica  C A ( A . Laupa ) 

RAYMOND  IN  TERN  ATIONAL  INC.  CHERRY  HILL.  NJ(SOILTECH  DEPT) 

RIVERSIDE  CEMEN  T CO  Riverside  CA  (W.  Smith) 

SANDIA  L.AHOR.A TORIES  C W . Gulick  Jr.  .Albuquerque,  NM;  Library  Div..  Livermore  CA 
SCHUPACK  ASSOC  SO.  NORW  ALK,  CT  (SCHUP.ACK) 

SEAFOOD  LA BOR.A  TORY  MORFHEAD  CTTY.  NC (LIBRARY) 

SEATITTI  CORP  MIAMI.  FL(PERONl) 

SUIT  I DEVELOPMENT  CO.  HoustonTXlE  Doyle) 

SHELL  OIL  CO.  HOUSTON,  TX  (MARSHALL) 

SOU  TH  AMERICA  N.  Nouel.  Valencia.  Vene/ucia 

SOU  THW  E.S  T P(  )K  T1  ANDCT  MI  NTCO.  C.T.  Test  Los  Angeles,  C A 

SW  EDEN  Geolech  Inst;  VBB ( Library ).  Stockholm 

TEC  HNICAI.  COATINGS  CO  Oakmont  PA  I Library) 

TEXAS  IND  . INC  . J.V.  Williams  Arlingion.  TX 
IIDFW.ATER  C'ONSIR  CO  Norfolk  V A (Fowler) 

IRW  SYS  IF  MS  Cl  I VET  AND,  OH  (ENG.  1 IB  );  REDON  IX)  B1  ACT! . C A I DAI ) 

U S.  ST>  ELC ORP.  J.L  Deets.Ciary  IN 

liNTTE  D KINGIX  )M  Cement  A;  Concrete  .Assoc  (G.  Somerville)  W exham  Springs.  Slou;  Cement  iV  ( oncretc  Assoc 
(I  ibniiy  ).  W exham  Springs.  Slough;  Cement  iV  Concrete  Assoc.  (Lit.  lix).  Bucks;  Cement  iV  Concrete  .Assoc. 
Bucks  1 nglandtPl  Nalsiead);  D New . G Maunscll  iV  Partners,  I iindon;  1 ibrary . Bristol;  Shaw  <V  Hatton  ( I 
Hansen).  London;  Taylor.  W oodrow  C onstr  ((II4P),  Southall.  Middlesex;  Univ.  of  Bristol  (R  Morgan).  Bristol 
W E.S  I INCillOl'.SE  IT  ITT  RIC  ( ( )RP  Annapolis  MDtOceanic  Div  Lib.  Bryan);  I ibiviry  . Pitisbnrgh  P.A 
WISS.  J.ANNE.Y.  IT  SI  Nl  R.  iSl  ASSOC  (J  .1  H.inson)  Northbrook.  II  ; Northbrook,  II  (.L  Hanson) 


WSU  1 APIM  ABS  BAl’in  l.K  l)L  XBURY.  MA(I.IBHARY);  Ouxbury . M A ( Richards) 
W(M)1)V\ARI)-C  I.Y1M- CONSUL  1 ANTS  PLYMOUTH  MHLTTNCi  PA  (CROSS.  Ill) 

AL  SMOOT  S Los  Angeles.  CA 
HR  AHl/  La  Jolla.  CA 

BRY  ANT  RO.SL  johnst>n  niv.  UOP.  (jlendora  C'A 
BULLOCK  l.aCamid;! 

L.  HLUZH  Boulder  CO 

(i.L.  K.ALOUSLK  LakewtH>d  C’o. 

HA.MLFI)  F.LNACiCi.AR  Wexford  PA 
J.Ci.  KLUBAl.L  Caslro  Valley  CA 
C ABI  MURPHY  Sunnyvale.  CA 
CiRFG  PAGF  FUGFNE.  OR 

R.  F.  PRICE  Dover  N.J. 

R.F.  BFSIFR  Old Saybrook  CT 

R. Q.  PAl.MFR  Kaitua.  HI 

S. T.  LI  Rapid  City.  S.D. 

SMITH  Gulfport.  MS 

T. W  . MFRMFL  Washington  DC 


£/V£) 
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